This study investigated the mechanism of right ventricular failure during bypass of the left side of the heart by precisely assessing right ventricular function with use of a conductance catheter. Bypass of the left side of the heart was established with a centrifugal pump in 10 mongrel dogs weighing 11 to 19 kg. Right ventricular function during left heart bypass was evaluated by two parameters that were both derived from measurement of relative change in right ventricular volume by the conductance catheter technique. One parameter was the right ventricular end-systolic pressurevolume relationship as a load-independent index, and the other was the peak right ventricular pressure-right ventricular stroke volume relationship as a "force-velocity relationship." These parameters were measured in both normal and failing hearts while afterload was increased by bilateral intrapulmonary balloon inflation. Moreover, changes in these relationships were observed by varying assist ratios of left heart bypass from 0% to 100%. Failing heart models were induced by normothermic aortic clamping for 20 minutes. The right ventricular end-systolic pressure-volume relationship in normal hearts did not change, irrespective of the assist ratio of left heart bypass, whereas that in failing hearts decreased from 4.25 -1.41 mm Hg/ml without bypass of the left side of the heart to 3.53 +-1.30 mm Hg/ml after 100% assist of left heart bypass (p < 0.05). In the peak right ventricular pressure-right ventricular stroke volume relationship, right ventricular stroke volume was almost constant in normal hearts when afterload was increased regardless of the assist ratio of left heart bypass. Moreover, right ventricular stroke volume was maintained at a higher level during bypass of the left side of the heart compared with that without left heart bypass. However, that slope of the relationship in failing hearts was inversely linear and became significantly steeper after 100% assist of bypass of the left side of the heart compared with that without left heart bypass (-0.131 -0.042 versus -0.051 -+ 0.038,p < 0.005). Therefore these two slopes of the relationship intersected at a point that was considered the critical point of afterload during bypass of the left side of the heart. In other words, right ventricular stroke volume was decreased by 100% left heart bypass above the critical point of afterload. In conclusion, this study demonstrates not only that bypass of the left side of the heart results in an increase in right ventricular stroke volume in both normal and failing hearts at the physiologic range of afterload, but also that right ventricular function against higher afterload is impaired by 100% assist of bypass of the left side of the heart in failing hearts. (J Thorac
R
ight ventricular (RV) failure during isolated Lbypass of the left side of the heart (LHB) is a controversial problem that has not yet been resolved, although RV failure has been one of the most important predictors that determine the prognosis of patients with LHB. 1-8 According to previous clinical reports, RV failure developed in approximately 20% to 25% of patients supported with LHB. 1-8 Therefore it is important to clarify the mechanism of RV failure and to know how to cope with uncontrollable RV failure.
Although a number of previous studies have improved the understanding of RV physiologic processes during isolated LHB, 9-19 there are limitations in the methods of determining RV volume because of the complexity of RV geometry, which causes difficulty in precisely assessing RV performance and clarifying the mechanism of RV failure during LHB. Some reports showed impairment of RV function during LHB, 9" 11-1s whereas other reports showed no change in RV function during LHB. 1° ' 16 These conflicting results about RV function during LHB can be explained mainly by the various experimental models and methods used to assess RV contractility and RV volume. Therefore previous reports have not fully clarified the mechanism of clinically significant RV failure during LHB.
In this study, a conductance catheter e°' 21 was applied to determine relative change in instantaneous RV volume in individual cases, and the effects of LHB on RV function were thereby assessed by two descriptors of systolic performance during afterload alterations, in addition to conventional hemodynamic variables. One descriptor was RV endsystolic pressure-volume relationship (ESPVR) as a load independent index. 2224 The other was the peak RV pressure (PRVP) to RV stroke volume (RVSV) relationship as a "force-velocity" relationship in cardiac physiology. 2s Moreover, we produced a failing heart model by simple anoxic clamping of the ascending aorta 26 and used this model to assess RV failure during LHB, in addition to using the normal heart model. This study evaluated RV function during LHB and investigated the mechanism of RV failure during LHB by assessing changes in the relationships described.
Methods
Animal preparation. Ten mongrel dogs weighing 11 to 19 kg were used in this study. These dogs were anesthetized with ketamine (10 mg/kg intramuscularly) and pentobarbital sodium (20 mg/kg intravenously). After endotracheal intubation was instituted, anesthesia was maintained with a continuous infusion of pentobarbital sodium and ventilation of the lungs was maintained with an anesthesia respirator (model-B3, Igarashi Inc., Tokyo, Japan). After a left thoracotomy was done at the fourth intercostal space, the pericardium was opened and the heart was exposed. The animal was then given heparin (3 mg/kg). LHB was established with a centrifugal pump (model BP-80, BioMedicus, Inc., Eden Prairie, Minn.). A return cannula (18F) was inserted into the left subclavian artery and withdrawal cannulas were inserted into the left atrium (24F) through the appendage and into the left ventricle (18F) through the apex to obtain sufficient left ventricular unloading. Fig. 1 shows a schematic drawing of the experimental preparation including the institution of LHB.
Failing heart models were induced by normothermic aortic clamping for 20 minutes. 26 During aortic clamping, LHB was established in full assist ratio to preserve organ function.
Monitoring. RV pressure was measured with a catheter-tipped manometer (5F, model TCP2, TOYODA, Inc., Aichi, Japan). Left ventricular pressure and aortic pressure were measured with standard fluid-filled catheters. An electromagnetic flow probe (model MF27, Nihon K0hden Corp., Tokyo, Japan) was placed around the main pulmonary artery to measure pulmonary artery flow.
A 5F conductance catheter equipped with eight electrodes spaced at 8 mm intervals (Cordis, Europa NV, Roden, The Netherlands) was introduced into the RV through the main pulmonary artery in a retrograde manner. The conductance catheter was connected to a volumetric system (Sigma-5, Leycom, Octstgeest, The Netherlands), which continuously produced instantaneous analog RV volume signals. The signals were digitized with an on-line analog-to-digital converter at a sampling rate of 333 Hz combined with a signal from the manometertipped catheter to obtain the RV pressure-volume relationship and stored on a floppy disk memory system with a computer (model PC-9801RX, NEC, Tokyo, Japan). The position of the catheter in the RV, with the most distal electrode placed near the apex and the most proximal electrode just cephalad to the pulmonary valve, was determined by the monitor findings that showed five consecutive segmental pressure-volume loops during the experiments and was finally confirmed on postmortem examination.
Two 7F Fogarty balloon catheters (Baxter Healthcare Corp., Oakland, Calif.) were inserted into the bilateral pulmonary arteries through the main pulmonary artery, and a transient change in RV afterload was obtained by inflating the balloon catheters.
Protocol and data analysis. Hemodynamic variables measured with the conductance catheter technique were defined as follows.
The slope of RV ESPVR. The point of maximal pressure-volume ratio was determined in each cardiac cycle. A least-squared linear regression was first applied to determine the slope of RV ESPVR and intercept V0, where V0 is the volume axis intercept of ESPVR. With this V0 estimate, the points of maximal pressure-volume ratio to V0 for each cycle were obtained, and a second regression The effective RV end-diastolic volume. Once V0 was determined in the normal heart, the effective RV enddiastolic volume (eRVEDV) was calculated by the following equationlS: eRVEDV = RVEDV (actual value measured by conductance catheter) -V0 (in the normal heart).
RVSV. RVSV was the maximal volume minus the minimal volume (in each cardiac cycle).
RV ejection fraction. RV ejection fraction was determined as RVSV divided by eRVEDV.
PRVP to RVSV relationship. RVSV was determined by the stated formula at various PRVPs induced by inflating two balloon catheters, and a linear regression of the correlation between PRVP and RVSV was determined as the slope of the PRVP-RVSV relationship.
To evaluate the effects of LHB on RV function, RV ESPVR and the PRVP-RVSV relationship were assessed during LHB with the assist ratio varied from 0% to 100% (0%, 50%, 75%, 100%). The assist flow ratio was determined as LHB flow (in liters per minute) divided by pulmonary arterial flow (in liters per minute). After baseline measurement of the pressure-volume loop was obtained, RV pressure was raised by inflating the balloon catheters so that serial RV pressure-volume loops were obtained to determine the RV ESPVR and PRVP-RVSV relationship. All these hemodynamic variables were measured in both normal and failing hearts. All measurements were taken immediately after the dog was disconnected from ventilatory support to sustain end expiration. The hemodynamic measurements without LHB in failing hearts were collected again after each experiment to ascertain that the conditions of failing hearts were unchanged compared with those before all measurements in failing hearts. In failing hearts, collection of the data required about 10 minutes.
All animals received humane care in compliance with the "Principles of Laboratory Animal Care" formulated by the National Society for Medical Research and the "Guide for the Care and Use of Laboratory Animals" prepared by the National Academy of Sciences and published by the National Institutes of Health (NIH Publication No. 86-23, revised 1985) .
All values are presented as means plus or minus one standard deviation. To evaluate the change in hemodynamic variables as described earlier, the values obtained at each assist ratio of LHB were compared in individual animals. The Friedman test was used to analyze the mean values of hemodynamic variables derived from the conductance catheter technique at each assist ratio. If any significant group effect was detected by the Friedman test, the Wilcoxon signed-rank test was used to determine the significance of differences between groups. Other hemodynamic variables were analyzed by paired t test and analysis of variance if necessary. A p value less than 0.05 was considered significant.
Results
Characterization of the failing heart model. Fig.  2 summarizes changes in the hemodynamic variables from 10 mongrel dogs with heart failure compared with variables before heart failure was induced. Pulmonary artery flow measured by an electromagnetic flow probe was significantly decreased by 15.6%. PRVP and peak left ventricular pressure were also decreased significantly by 12.1% and 7.5%, respectively. RV end-diastolic pressure was significantly increased by 30.0%. Moreover, as a consequence of measuring RV contractile parameters derived from the conductance catheter, eRVEDV in the failing hearts increased significantly by 29.9%, whereas RV ESPVR and RV ejection fraction decreased significantly by 19.7% and 22.9%, respectively.
Effect of 100% asSist of LHB on RV global function. Table I shows hemodynamic variables during 100% assist of LHB compared with those without LHB in both normal and failing hearts. Because full drainage of blood from the left ventricle and the left atrial appendage was attempted, peak left ventricular pressure was significantly reduced. Full drainage from the left side of the heart, in both normal and failing hearts, resulted in a significant increase in eRVEDV and significant decrease in PRVP. However, RV ejection fraction did not change during 100% assist of LHB compared with that without LHB. These values might have contributed to a significant increase in pulmonary artery flow. Consequently, 100% assist of LHB resulted in a net improvement of RV function in both normal and failing hearts.
Effect of LHB on RV ESPVR. Table II summarizes the change in RV ESPVR in association with eRVEDV and peak left ventricular pressure in both normal and failing hearts when the assist ratio of LHB was varied. In proportion to increases in the assist ratio of LHB, eRVEDV gradually increased, whereas peak left ventricular pressure decreased in both normal and failing hearts. However, in normal hearts, the slope of RV ESPVR did not change, irrespective of the assist ratio of LHB. By contrast, in failing hearts, the slope of RV ESPVR decreased significantly with increases in the assist ratio of LHB. Fig. 3 shows representative RV pressurevolume loops obtained in normal hearts, which demonstrated the parallel rightward shift of the slope of the RV ESPVR during 100% assist of LHB. Fig. 4 shows representative RV pressure-volume loops obtained in failing hearts, which demonstrated the decrease in RV ESPVR with increases in the assist ratio of LHB, Effect of LHB on the PRVP-RVSV relationship. Fig. 5 summarizes the change in the PRVP-RVSV relationship with increases in the assist ratio of LHB in both normal and failing hearts. In normal hearts, there were no changes in the slope of the relationship regardless of the assist ratio of LHB. Moreover, RVSV was maintained at a higher level during LHB compared with that without LHB (Fig. 6) . In failing hearts, the correlation between PRVP and RVSV was inversely linear in all cases with a significant regression (r values from 0.91 to 0.95) during increases in PRVP induced by inflation of the balloon catheter. Moreover, in failing hearts, the slope of the correlation became steeper at 100% assist of LHB compared with that without LHB (-0.13i _+ 0.042 versus -0.051 _+ 0.038,p < 0.005). Because of different correlative slopes, these two slopes intersected as illustrated in Fig. 7 , A. Moreover, reduction of the assist ratio from 100% to 70% caused the slope of the PRVP-RVSV correlation to become significantly more gentle (70% LHB, -0.072 _+ 0.037 versus 100% LHB, -0.131 _+ 0.042,p < 0.05), and thereby the intersection point of afterload at 70% LHB shifted rightward, which indicated a higher afterload, as illustrated in Fig. 7 , B. Consequently, the intersection point at 70% LHB assist was significantly higher than the level at 100% LHB assist (70% LHB, 38.1 2 6.9 mm Hg versus 100% LHB, 29.2 _+ 6.8 mm Hg, p < 0.05).
Discussion
With use of a conductance catheter to determine instantaneous relative change in RV volume, this study showed that LHB resulted in a rightward parallel shift of the slope of the RV ESPVR in normal hearts, whereas RV ESPVR decreased significantly with increases in the assist ratio of LHB in failing hearts. These observations are compatible with the results of the studies of Farrar and associates 13 and Chow and Farrar TM 18 in which sonomicrometry was used, which described similar changes in the RV ESPVR in normal and failing hearts. With studies in normal hearts, some reports showed that RV ESPVR did not change during LHB, 1°' 14, 16 whereas other reports showed the decrease in RV ESPVR during LHB. 15'19 Contradiction among these results might be caused by differences in methods used for measuring RV ESPVR or by difficulty in assessing subtle changes in the RV ESPVR in normal hearts. The report of Chow and Farrar ~s was the first that used the failing heart model, and it showed the significant decrease in RV ESPVR during LHB. However, these previous studies have not clarified why RV ESPVR decreased during LHB in failing hearts unlike findings in normal hearts. From our perspective, the mechanism of reduction in RV ESPVR during LHB may be mainly attributed to the increase in RV volume, which subsequently induces an increase in RV wall stress. ~s As we previously reported, a9 the change in RV ESPVR showed a significant correlation with the change in RV volume during LHB. This observation suggests that LHB has the potential to cause reduction in the RV ESPVR by increasing RV volume in both normal and failing hearts. This study showed that, in failing hearts, the eRVEDV increased significantly compared with that in normal hearts and increased further after 100% LHB. Consequently, in failing hearts, LHB resulted in further increase of RV volume that was already increased. Further enlargement of the RV volume in the failing hearts induces additional increases in RV wall stress, which could eventually induce impairment of RV systolic function during LHB unlike that in normal hearts. Therefore, a further increment of RV wall stress during LHB was considered the reason that LHB resulted in a significant decrease in RV ESPVR in failing hearts.
However, by a reduction in RV ESPVR alone, it is difficult to explain the RV failure during LHB that is encountered clinically. In general, even if RV ESPVR were reduced during LHB, RVSV could increase as a result of not only a decrease in RV afterload but also an increase in RVEDV during LHB. Therefore other factors must be considered to account for the RV failure. Accordingly, the PRVP-RVSV relationship was examined to further elucidate the cause of the RV failure in this study because ventricular function could be best assessed by afterload alterations. 3°' 31 In the force-velocity relationship in the cardiac physiologic process, ventricular function is inversely correlated with ventricular afterloadY We also demonstrated that RVSV had a significant inverse correlation with PRVP in failing hearts regardless of the assist ratio of LHB. Moreover, the slope of this correlation, in failing hearts, became steeper during 100% LHB compared with that without LHB, which was not observed in normal hearts. Thus an intersection between the steeper slope induced by 100% LHB and the gentle slope without LHB was noted in failing hearts. This intersection was considered the critical afterload above which RVSV was decreased by LHB compared with that without LHB, indicating that RVSV would decrease during LHB when LHB was driven higher than the critical point of the afterload. The existence of this critical point in failing hearts means that RV function against afterload is impaired by LHB, which may reproduce clinically significant RV failure during LHB. The PRVP-RVSV relationship is, therefore, a useful parameter to exhibit clinical conditions of RV failure during LHB. At levels below the critical point, as a matter of course, 100% assist of LHB results in a net improvement of RV function both in normal and failing hearts, as shown by this study, because the increase in RVEDV and the reduction in RV afterload by 100% LHB induce the increase in RVSV, as compared with the result without LHB, which is compatible with the findings of the clinical report of Morita and associates. 32 It must be emphasized, however, that in failing hearts, the steepest slope in the correlation between PRVP and RVSV indicates that 100% LHB, which induces increases in RVSV at levels below the critical point, also renders the RV intolerant of afterload at levels above the critical point. In other words, the detrimental effects of LHB (that is, steeper slope in the relationship between PRVP and RVSV) overcome the beneficial effects of LHB (that is, the reduction in RV afterload and the increase in RVEDV) above the critical point, resulting in the decrease in RVSV, whereas below the critical point of afterload, beneficial effects are predominantly manifested. These concepts derived from the existence of the critical point could explain the RV failure during LHB that is encountered clinically.
The decrease in the slope of the RV ESPVR is considered one of the reasons for such a reduction in RVSV at high afterload. In the underlying setting of increased RV volume, a compensatory increase in RV volume against high afterload cannot be expected, which may be another cause of the reduction in RVSV at high afterload. The decrease in the peak RVP (mmHg) Fig. 6 . Representative PRVP-RVSV relationship in normal hearts. RVSV was almost constant in normal hearts when afterload was increased regardless of assist ratio of LHB. Moreover, RVSV was maintained at higher level during LHB compared with that without LHB.
slope of ESPVR in combination with the increase in RV volume means impairment of RV contractility. Therefore such a reduction in RVSV during LHB was observed in failing hearts at the level above the critical point of afterload. However, in normal hearts with a relatively small RV volume even during LHB, RVSV was almost constant irrespective of RV afterload, because there was room for compensatory increases in RV volume in response to changes in afterload. Thus RVSV was maintained in normal hearts even against high afterload. Moreover, a significant increase in pulmonary artery flow and the absence of change in the slope of the PRVP-RVSV relationship during LHB were considered to contribute to the outcome that RVSV against varying afterload was maintained at a higher level during LHB compared with that without LHB.
To simulate the clinical conditions of heart fail- LHB compared with that without LHB. Intersection of two slopes (that is, "critical point") was noted. B, Reducing LHB assist ratio to 70% caused slope of PRVP-RVSV correlation to become more gentle, and thereby "critical point" shifted rightward, indicating higher afterload.
ure, a model of postischemic heart damage 26 was used in our study. With this model, a significant decrease in RV contractility, a significant increase in RVEDV, and a significant elevation of RV enddiastolic pressure were noted compared with values in normal hearts. Changes in all of these RV hemodynamic variables were similar to those found in the study of Chow and Farrar, TM which used congestive heart failure models produced by rapid ventricular pacing. Moreover, changes in these RV hemodynamic variables were similar to those observed in patients with chronic heart failureY Although there can be no assurance that the model of postischemic heart damage is representative of congestive heart failure, this model was considered comparable to other methods of producing heart failure for the understanding of RV function during LHB in patients with impaired RV function. The common clinical situation that necessitates LHB is one of left ventricular failure with close to normal RV function, when RV function is well maintained by LHB even with higher levels of RV afterload, as this study demonstrated. However, in clinical situations, it is important to know how to cope with RV failure, inasmuch as this is one of the most important predictors of the prognosis in patients with LHB] -s In this study, reducing the assist ratio of LHB caused the slope of the PRVP-RVSV correlation to become more gentle and induced a rightward shift (that is, higher afterload) in the critical point. Therefore RV function against afterload was considered better tolerated when the LHB assist ratio was reduced. This suggests that reducing the LHB assist ratio may improve the tolerance of RV function against afterload with a rightward shift in the critical point, especially if LHB had been driven above the critical point.
Clinical conditions wherein the critical point is exceeded include underlying pulmonary obstructive disease, hypoxia, massive blood transfusion, and overdose of inotropic agents via a central vein. When LHB is driven above the critical point of afterload after maximum efforts to reduce pulmonary arterial resistance (for example, with vasodilating drugs or inhaled nitric oxide34), 100% LHB cannot be expected to improve net RV function. Although it is common practice to infuse a fluid overload to cope with these situations, 6' 34 this approach to management induces an additional volume load in failing hearts that already have an increased RV volume. Inotropic agents can also be used to support RV failure. However, inotropic agents have the adverse effect of increasing pulmonary vascular resistance, especially if such agents are administered via a central vein. If all these medical strategies do not improve RV function, the reduction in the assist ratio of LHB may be recommended in clinical practice to improve the tolerance of RV function against afterload, as long as the LHB flow continues to meet the general metabolic requirements. Moreover, reducing the assist ratio of LHB may also facilitate RV functional recovery by reducing RV muscle tension with decreases in RV volume. As a matter of course, RV assist should be considered if reductions in assist flow fail to improve RV performance.
Although the accuracy of measuring left ventricular volume with use of a conductance catheter has been studied previously, 2°'2!'35 the usefulness of this technique for measuring RV volume has not been clarified. However, McKay and colleagues 36 and Solda and associates 37 reported that the conductance catheter was reliable in monitoring relative change in RV instantaneous volume in vivo. We also found in our study that changes in RV volume measured by conductance catheter showed a significant correlation with changes measured by an electromagnetic flow probe both during LHB and without LHB. 3s In addition, the high linearity of the slope of the RV ESPVR in this study suggests that RV volume measured by the conductance catheter can accurately reflect relative changes in RV volume. Thus the relationships obtained by measuring relative change in RV volume by the conductance catheter technique may be acceptable for assessing the differences in RV function in individual cases, as McKay and co!leagues 36 and Solda and associates 37 have reported.
In conclusion, this study demonstrates that LHB results in a net improvement in RV function in both normal and failing hearts at a physiologic range of afterload and that RV performance against afterload, however, is impaired by 100% assist of LHB in failing hearts. Moreover, this study shows that the intolerance against afterload in failing hearts may explain the RV failure during LHB that is encountered clinically.
